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Abstract
Although the development of the digestive system of humans and vertebrate model organisms has been well characterized, relatively
little is known about how the zebrafish digestive system forms. We define developmental milestones during organogenesis of the zebrafish
digestive tract, liver, and pancreas and identify important differences in the way the digestive endoderm of zebrafish and amniotes is
organized. Such differences account for the finding that the zebrafish digestive system is assembled from individual organ anlagen, whereas
the digestive anlagen of amniotes arise from a primitive gut tube. Despite differences of organ morphogenesis, conserved molecular
programs regulate pharynx, esophagus, liver, and pancreas development in teleosts and mammals. Specifically, we show that zebrafish
faust/gata-5 is a functional ortholog of gata-4, a gene that is essential for the formation of the mammalian and avian foregut. Further,
extraembryonic gata activity is required for this function in zebrafish as has been shown in other vertebrates. We also show that a
loss-of-function mutation that perturbs sonic hedgehog causes defects in the development of the esophagus that parallel those associated with
targeted disruption of this gene in mammals. Perturbation of sonic hedgehog also affects zebrafish liver and pancreas development, and these
effects occur in a reciprocal fashion, as has been described during mammalian liver and ventral pancreas development. Together, these data
define aspects of digestive system development necessary for the characterization of zebrafish mutants. Given the similarities of teleost and
mammalian digestive physiology and anatomy, these findings have implications for developmental and evolutionary studies as well as
research of human diseases, such as diabetes, liver cirrhosis, and cancer.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The digestive system plays an essential role in vertebrate
physiology. In addition to being the site of nutrient diges-
tion and absorption, the digestive organs provide a barrier to
environmental toxins, provide essential immune function,
and have important roles in metabolism and salt and water
absorption (Johnson, 1994). Perturbation of digestive phys-
iology underlies a wide range of acquired and heritable
diseases.
Development of the digestive system of humans and
other amniotes has been extensively studied (Bellairs and
Osmond, 1998; Grapin-Botton and Melton, 2000; Kaufman
and Bard, 1999; Wells and Melton, 1999). In these organ-
isms, a primitive endodermal tube, the gut, forms in early
somite stages and gives rise to the organs of the digestive
tract (pharynx, esophagus, stomach, intestine, and colon).
Accessory organs, such as the liver and pancreas, arise from
the gut tube as endodermal buds that grow into mesenchyme
that is closely associated with the tube. Gut endoderm gives
rise to all of the digestive epithelia, whereas the adjacent
mesenchyme, which is derived from lateral plate mesoderm,
gives rise to the muscle and connective tissue surrounding
the epithelial parenchyma. Neurons of the enteric nervous
system derive from cells of the cervical and sacral neural
crest that migrate to the gut at early somite stages.
The digestive system of amniotes develops in a distinc-
tive temporal and spatial pattern (Bellairs and Osmond,
1998; Kaufman and Bard, 1999). The rostral portion of the
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gut tube, the foregut, forms first, at early somite stages, from
endoderm ventral to the head fold. The hindgut forms soon
after, in an analogous manner, from caudal endoderm adja-
cent to the allantois. At this stage, the developing gut tube
spans the length of the embryo. The foregut lies adjacent to
the stomodeal plate, site of the future mouth, while the
hindgut lies adjacent to the cloacal plate, site of the future
anorectum. As development proceeds, axial growth of the
foregut and hindgut coupled with morphogenesis of the
midgut from intervening endoderm completes formation of
the elliptical gut tube.
Following gut morphogenesis, the digestive organ anla-
gen develop from the gut tube in a stereotyped fashion.
Patterned gene expression within the endoderm and sur-
rounding mesoderm regulates the morphogenesis, differen-
tiation, and boundaries of these organ primordia. Cross-talk
between the endoderm and mesoderm plays an essential role
in these events and later establishes radial patterning within
the developing digestive tract (Kedinger et al., 1998; Rob-
erts et al., 1998; Simon-Assmann et al., 1995; Wells and
Melton, 2000). Targeted disruption of these genes perturbs
axial and radial patterning of the gut tube and thereby alters
the boundaries and relative size of adjacent organ anlagen
(Beck et al., 1999; Karlsson et al., 2000; Kim et al., 2000).
Such mutations have also been associated with homeotic-
like transformations of digestive epithelia (Beck et al.,
1999).
Genetic analyses in zebrafish have also identified muta-
tions that perturb digestive organ development. Mutations
discovered as part of the original morphology-based screens
primarily affected endodermal specification (Kikuchi et al.,
2000, 2001; Zhang et al., 1998) and the terminal stages of
digestive organ differentiation (Chen et al., 1996; Pack et
al., 1996). Recently, mutations affecting gut morphogenesis
and patterning have been reported (Horne-Badovinac et al.,
2001; Sun and Hopkins, 2001). Molecular characterization
of zebrafish mutants is predicted to complement work from
other model organisms, and integration of zebrafish devel-
opmental pathways with those of other model systems may
define a canonical pathway of digestive organ development
common to all vertebrates. Such a pathway, by definition,
must reconcile reported differences and similarities of ze-
brafish and mammalian digestive system organogenesis,
such as those already described for certain aspects of liver
and pancreas development (Roy et al., 2001; Wallace et al.,
2001; Yee et al., 2001).
The work presented in this study arose from the obser-
vation that digestive organ morphogenesis in zebrafish com-
mences at a comparably late stage of embryonic develop-
ment. This suggested that digestive organ precursors of
zebrafish and amniotes may be organized differently. Here,
we confirm and extend these original findings. We show that
the zebrafish digestive system forms at mid-somite stages
from individual organ anlagen rather than a common
endodermal tube. The intestinal anlagen forms first, from an
endodermal structure we term the zebrafish gut. The phar-
ynx, esophagus, liver, and pancreas arise from endoderm
rostral to this primitive endodermal tube. These differences
notwithstanding, we provide evidence that common molec-
ular determinants regulate liver, pancreas, pharynx, and
esophagus development in zebrafish and amniotes.
Materials and methods
Fish stocks
Fish maintenance and matings were performed as de-
scribed (Westerfield, 1993). AB strain wild type fish
(Westerfield, 1993) were used for histological, immunohis-
tochemical, and in situ analyses. Mutant alleles used for
analysis were syutbx392 (Schauerte et al., 1998), ytoy119
(Karlstrom et al., 1999), and fautm236a (Reiter et al., 1999).
Histology
Embryos were fixed in 4% formaldehyde/2% glutaralde-
hyde for 2 h to overnight. The fixed embryos were washed
and infiltrated and embedded in glycol methacrylate (JB4;
Polysciences). Three-micron sections were cut by using a
Leica RM2155 microtome and stained in methylene blue/
azure II (Humphrey and Pittman, 1974). Sections were
analyzed by using a Zeiss Axioplan 2 compound micro-
scope.
Immunohistochemistry
Embryos were fixed in 4% formaldehyde for 1 h to
overnight. Fixed embryos were pretreated with 0.2% Col-
Fig. 1. Larval zebrafish digestive system anatomy. (A) Dorsal view of a 5- dpf larva. Overlay outlines the pharynx (Ph), esophagus (E), liver (L), pancreas
(P) with solitary islet (Pi), gallbladder (G), swimbladder (SB), and intestine (I). Broken and solid lines depict ducts of the liver, pancreas, and gallbladder.
Swimbladder pneumatic duct is denoted by arrowhead. (B, C) Lateral view of 5-dpf larva with overlay. *, marks intestinal lumen.
Fig. 2. Formation of the zebrafish gut tube at mid-somite stages. (A) Lateral view of an 18-hpf embryo with corresponding histological sections (B–D).
Endoderm at this stage does not appear organized. (E) Lateral view of a 21-hpf embryo with corresponding histological sections (F–H). Endoderm near the
level of the finbuds (F) assumes a circular or radial organization with peripherally located nuclei. Endoderm caudal to the beginning of the yolk extension
(G, H) appears unchanged from 18 hpf. (I) Lateral view of a 26-hpf embryo with corresponding histological sections (J–L). Radially organized endoderm
is present rostrally from the finbuds to the yolk extension (J) and near in the common pronephric duct (L) but not within the intervening region (K). (M)
Lateral view of a 34-hpf embryo. At this stage, the endoderm from the finbuds to the common pronephric duct has adopted a tube-like configuration. The
gut lumen is visible at this stage (N) and also recognizable in transmission electron micrographs of 30-hpf embryos (not shown). Dashed line circles the gut
endoderm in all histological sections.
13K.N. Wallace, M. Pack / Developmental Biology 255 (2003) 12–29
14 K.N. Wallace, M. Pack / Developmental Biology 255 (2003) 12–29
lagenase (Sigma; C-9891) in PBS for 20 min at room
temperature and incubated in primary antibody overnight at
4°C. Following multiple washes, embryos were then incu-
bated in secondary antibody (1:250 dilution) for 2 h at room
temperature. Analysis of whole-mount immunostainings
was performed by using confocal microscopy (Zeiss LSM
510 confocal microscope) or using histochemical detection
(Vectastain; Vector Laboratories). For histological analysis,
Fig. 3. Molecular markers reveal endodermal patterning and organ primordia within the developing zebrafish digestive system. (A–D) 18 hpf. (A) foxA2
expression (dorsolateral view) is restricted to the anterior endoderm, including the pharyngeal endoderm (pe; brackets) and endoderm that lies in between
the posterior pharynx (white arrow) and the foregut region (green arrow), which can be identified in histological sections at 21 hpf. (B) gata-6 (dorsolateral
view) is expressed within endoderm caudal to the posterior pharynx. gata-6 and foxA2 expression overlap within a small region of endoderm between the
posterior pharynx and foregut, whereas endodermal expression of pdx (C; dorsal view) and hhex (D; dorsal view) is restricted to a smaller region of endoderm
in this location. (E–H) 21 hpf. At this stage, the expression domains of foxA2 (E) and gata-6 (F) are largely unchanged from 18 hpf. (G) pdx expression is
evident within two endodermal domains rostral to the foregut. The caudal region (red arrowhead) is identified as the developing islet, based on insulin
immunoreactivity at this location at 24 hpf (not shown). The rostral domain (black arrowhead) is predicted to include progenitors of the liver, and possibly
the esophagus and swimbladder, which also arise from endoderm in this region. (H) hhex (red arrowhead) is also expressed within the developing islet. (I–L)
26 hpf. (I) foxA2 expression is strong within the anterior pharynx (pe), posterior pharynx (white arrow), and the pancreatic islet (red arrowhead), but has
diminished somewhat within the intervening endoderm. (J) gata-6 expression is largely unchanged. (L) hhex expression in the presumptive liver progenitors
(black arrowhead) is pronounced, whereas pdx expression (K) has diminished in this region. At this stage, rostral foregut (green arrow) lies just caudal and
ventral to the pancreatic islet. Both pdx and hhex expression persists within the pancreatic islet (red arrowhead) (M–P) 34 hpf. (M) foxA2 expression (dorsal
view) persists within the anterior pharynx (pe), posterior pharynx (white arrow), and the pancreatic islet (red arrowhead). Precise identification of intervening
endoderm that expresses foxA2 is difficult at this stage but is likely to include cells of the hepatic and pancreatic ducts based on prox-1 immunostainings (not
shown). gata-6 (N) expression is now evident in the developing liver (black arrowhead), as is and pdx (O) and hhex (P). pdx expression is also seen within
the developing hepatic (hd) and pancreatic ducts (pd). In all panels: white arrow, posterior pharynx; green arrow, foregut; red arrowhead, pancreatic islet;
black arrowhead, liver; pe, anterior pharynx; hd, hepatic duct.
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immunostained embryos were embedded in JB4 plastic
(Polysciences) and sectioned by microtome (5-micron). Pri-
mary antibodies used were rabbit anti-prox-1(1:100 dilu-
tion) (a gift of S. Tomarev), guinea pig anti-human insulin
(Linco) (1:100 dilution), rabbit anti-human glucagon
(Dako) (1:100 dilution), rabbit anti-mouse laminin (Sigma)
(1:100 dilution), mouse anti--actin (Sigma) (1:100 dilu-
tion), and rabbit anti-pan-cadherin (Sigma) (1:100 dilution).
Secondary antibodies were Alexa Fluor 488-conjugated
anti-guinea pig lg, Alexa Fluor 564-conjugated anti-rabbit
lg (Molecular Probes), and biotin-conjugated anti-rabbit lg
(Vector Laboratories).
RNA in situ hybridization
Whole-mount RNA in situ hybridization was performed
as previously described (Pack et al., 1996). Antisense
probes were transcribed from cDNAs for zebrafish gata-6 (a
gift from L. Zon), pdx (M.P., unpublished observations),
hhex (Ho et al., 1999), axial (foxA2) (Strahle et al., 1993),
and nkx 2.3 (Lee et al., 1996).
Morpholino and mRNA injections and cyclopamine and
ethanol treatment
gata5 morpolino (5-agccaggctcgaatacatgatata-3) (Gene
Tools, LLC) was solubilized at 1 mM and injected into the
yolk of 1-cell embryos at 0.1 mM. To restrict morpholino to
the yolk syncytial layer, 1 mM morpholino solution was
injected into the yolk of 1000-cell embryos (Ho et al.,
1999).
Full-length shh mRNA (shh/p64T; Currie and Ingham,
1996) was injected into the yolk of 1-cell embryos at 2.8
ng/ml.
A stock of 10 mM cyclopamine in 95% ethanol (a gift of
W. Gaffield) was diluted to 50 mM in E3 embryo medium.
Zebrafish embryos were incubated in 50 mM cyclopamine
beginning at 9, 10, 12, and 13 hpf until fixation at 34 hpf.
For treatment with ethanol, embryos were dechorionated
and continuously exposed to 1.9% ethanol in E3 medium
beginning at 10 hpf until fixation.
Results
The principal goal for this work was to characterize
zebrafish digestive system organogenesis. We restricted our
analysis to the period when morphogenesis of the digestive
tract and accessory digestive organs occurs and chose as an
endpoint the stage at which the common ductular system of
the liver and pancreas was contiguous with the digestive
tract. As discussed below, this occurs by 58 hpf. Subse-
quently, during larval development, there is further growth
and differentiation of all digestive organ primordia such
that, by 5 days postfertilization (dpf) (Fig. 1), the digestive
system is functional. A descriptive analysis of these events
will be presented as a separate report.
Gut morphogenesis and the origin of zebrafish liver and
pancreas progenitors
Zebrafish endodermal progenitors reside at the blasto-
derm margin. During gastrulation, these cells involute and
migrate medially, reaching the embryonic midline during
mid-somite stages (18 somites) (Warga and Nusslein-
Volhard, 1999). Endodermal expression of liver and pan-
creas markers has been reported to begin well before this
stage (Biemar et al., 2001; Korzh et al., 2001). From these
observations, we reasoned that digestive tract morphogen-
esis occurs at a comparatively late stage of zebrafish devel-
opment (18 somites) and that the liver and pancreas arise
from endoderm independent of a primitive gut tube.
Histological analysis confirmed our prediction regarding
the timing of gut morphogenesis. Endoderm throughout
18-hpf embryos shows no obvious histological organization
(Fig. 2A–D). However, at 21 hpf (Fig. 2E–H), radial orga-
nization is present in endoderm from the fin buds to the
beginning of the yolk extension. At 26 hpf (Fig. 2I–L),
radial organization in a small region of endoderm dorsal to
the posterior end of the yolk extension is also evident.
Between 30 and 34 hpf, the intervening endoderm assumes
a radial configuration such that, by 34 hpf (Fig. 2M–P), the
endoderm between the fin buds and the common pronephric
duct (not shown) is configured as an elliptical tube. We term
this structure the zebrafish gut. Rostral to the gut, the
endoderm shows no apparent histological organization. This
contrasts with developing amniotes in which the rostral gut
forms at early somite stages from endoderm ventral to the
head process (Bellairs and Osmond, 1998; Kaufman and
Bard, 1999).
Specification of zebrafish pancreas (Biemar et al., 2001)
and liver (Korzh et al., 2001) progenitors is reported to
occur before or near the onset of gut morphogenesis. His-
tological recognition of these organ progenitors, however, is
difficult. For this reason, we used whole-mount RNA in situ
hybridization to localize the position of these and other
digestive organ primordia with respect to the gut. Analysis
of the RNA in situ hybridization patterns complemented our
histological analysis and allowed us to track liver and pan-
creas progenitors as well as progenitors of the pharynx and
esophagus during subsequent stages of gut tube formation.
Genes used for this analysis were axial, the zebrafish
foxA2 ortholog (Strahle et al., 1993), which identifies the
pharyngeal endoderm, hhex, a gene that is essential for liver
development (Ho et al., 1999; Wallace et al., 2001), pdx, an
established pancreas marker (Milewski et al., 1998; Yee et
al., 2001), and gata-6, a marker of zebrafish esophagus,
liver, exocrine pancreas, and intestine (Pack et al., 1996).
The mammalian orthologs of these genes are expressed
within the digestive system at early developmental stages
(Lai et al., 1991; Laverriere et al., 1994; Martinez Barbera
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et al., 2000; Miller et al., 1994). Their expression in ze-
brafish was observed at approximately 3-h intervals from 18
to 34 hpf. Combined RNA in situ hybridization using two
markers was performed at each stage to estimate the relative
borders of gene expression (not shown). Histological sec-
tions of whole-mount in situs were used to identify the
location of the rostral gut relative to the other organ pro-
genitors.
Comparison of foxA2 and gata-6 expression domains
facilitated the analysis of 18- to 26-hpf RNA in situ hybrid-
ization patterns (Fig. 3). Together they label the entire
digestive endoderm. foxA2 (Fig. 3A, E, I, and M) is ex-
pressed within the pharyngeal endoderm (brackets) and cau-
dally within endoderm that includes the developing pan-
creas at 26 hpf (red arrowhead). gata-6 (Fig. 3B, F, J, and
N), is expressed within endoderm caudal to the pharynx.
Endoderm that coexpreses foxA2 and gata-6 is bound ros-
trally by the posterior pharynx (white arrow) and caudally
by the gut (green arrow).
The liver and pancreas markers, hhex and pdx, are also
expressed at 18–21 hpf within endoderm between the phar-
ynx and rostral gut (Fig. 3C and G, and Fig. 3D and H) and
at earler stages (Biemar et al., 2001; Korzh et al., 2001). At
26 hpf, cells that express hhex and pdx have resolved into
rostral and caudal groups (Fig. 3K and L), that are even
more pronounced at 34 hpf (Fig. 3O and P). The caudal
group is identified as endocrine pancreas based on the pres-
ence of immunoreactive insulin in this location beginning at
24 hpf (not shown). Liver progenitors are designated within
the rostral group of cells (black arrowhead) based on their
anatomical position and the persistent expression in this
location of liver markers through 34 hpf, when the liver can
be identified histologically (not shown). Colocalization of
hhex and pdx expression within the zebrafish endoderm is
noteworthy because there is considerable evidence suggest-
ing that the mammalian liver and pancreas arise from a
common progenitor (Deutsch et al., 2001).
Endodermal expression patterns of pdx and hhex suggest
that zebrafish liver and pancreas progenitors arise indepen-
dently of the gut tube. However, the identification of such
progenitors cannot be assured without a formal lineage
analysis. For this reason, pdx expression was also analyzed
in syu mutants, which have minimal pancreatic tissue (Roy
et al., 2001; diIorio et al., 2002). We observe that 25% of
18-hpf embryos from pair-wise matings of heterozygous syu
carriers had minimal or absent pdx expression (n  69 of
273 syu embryos vs n  0 of 153 WT embryos; data not
shown), a finding that supports the presence of pancreatic
progenitors within rostral endoderm that express pdx before
the gut tube forms.
Analysis of ethanol-treated embryos provided additional
support for this model. Ethanol treatment prior to gastrula-
tion delays migration of the prechordal plate mesoderm
(Blader and Strahle, 1998). Ethanol treatment at later stages
delayed median migration of the digestive endoderm.
Treated embryos had cardia bifida, a widened pharynx and
liver duplications (n  64 of 69 embryos with liver dupli-
cation, all with cardia bifida; Fig. 4A). Pancreas duplica-
tions, as shown by insulin immunohistochemistry, were
present at early stages but resolved by 50 hpf (not shown).
Migration of the gut endoderm was also perturbed by eth-
anol, and the gut tube did not form in over 50% of 50-hpf
embryos analyzed both histologically (n  17 of 29 em-
bryos) and with laminin immunohistochemistry (n  14 of
25 embryos; Fig. 4G–J). However, duplicated livers and
pancreas (transient) develop in over 90% of treated em-
bryos, findings that support a model in which liver and
endocrine pancreas progenitors arise from rostral endoderm
and not the gut tube.
In summary, histological analysis and gene expression
patterns within the zebrafish endoderm suggest a model of
teleost digestive tract morphogenesis and organ progenitor
specification that differs from that of humans and other
amniotes. In zebrafish (Fig. 5). progenitors of the pharynx,
liver, and pancreas can be identified before the onset of
digestive tract morphogenesis. Further, these organ progen-
itors are positioned rostral to endoderm from which the
zebrafish intestinal anlage, which we term the zebrafish gut,
forms. Finally, morphogenesis of the rostral zebrafish di-
gestive tract (pharynx and esophagus) begins after forma-
tion of the gut is completed. Together, these findings sug-
gest that the organs of the zebrafish anterior digestive tract
arise independently of one another rather than arising from
a common endodermal gut tube.
The zebrafish pharynx and esophagus arise from
endodermal progenitors rostral to the gut tube
Histological analyses suggest that morphogenesis of the
rostral digestive tract of zebrafish (pharynx and esophagus)
occurs separately from the gut. Several lines of evidence
support this model. First, the endoderm rostral to the gut, the
site of the future pharynx and esophagus, appears unorga-
nized as the gut forms. Second, the development of the
pharynx and esophagus from endoderm within this region
can be followed histologically during subsequent develop-
mental time points. Third, the anatomical position of the gut
coincides directly with the position of the zebrafish intes-
tine, which is contiguous with the esophagus in stomachless
teleost fish, such as the zebrafish (Smith, 1982). Thus, it
seems improbable that morphogenesis of the pharynx and
esophagus occurred through rostral extension of the gut
tube. Rather, these organs developed separately from rostral
endoderm following gut morphogenesis. Independent mor-
phogenesis of these organs in zebrafish contrasts with their
development in amniotes: in these organisms, the anlagen of
the pharynx, esophagus, and intestine primordia arise from
the foregut at mid- to late-somite stages.
Pharynx and esophagus formation were characterized in
staged histological sections and with RNA in situ hybrid-
ization studies (Fig. 6). During foregut morphogenesis
(21–26 hpf), the anterior pharyngeal endoderm is comprised
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of a single layer of spindle-shaped cells spanning the em-
bryonic midline (not shown) that express axial (see Fig. 3E
and I). At 34 hpf, when the zebrafish gut is easily recog-
nizable in tissue sections (Fig. 6A), endoderm of the ante-
rior pharynx remains a single layer of cells in most regions
(Fig. 6B and C). Caudally, endoderm in the posterior phar-
Fig. 4. The zebrafish liver and pancreas form independently of the gut tube. (A, B) Whole-mount RNA in situ hybridization using a ceruloplasmin (cer) probe,
dorsal view. Compared with WT (A), liver duplication (arrows) is seen in 50-hpf ethanol-treated embryos (B). (C, D) Histological cross-sections through the
liver of 50-hpf WT (C) and ethanol-treated (D) embryos processed for cer in situs. Anterior endoderm spans the midline between the duplicated livers (arrows
in D) of ethanol-treated embryos. (E, F) Laminin immunostainings from a comparable region of 50-hpf WT (E) and ethanol-treated (F) embryos. Organized
endoderm present within the developing esophagus (white arrow) of 50-hpf WT embryos is not identifiable in ethanol-treated embryos (F). (G) Histological
cross-sections through the rostral gut of 50-hpf WT embryo. (H) Endoderm in a comparable region of 50-hpf ethanol-treated embryo spans the midline and
is unorganized. (I, J) Immunoreactive laminin in a WT 50-hpf embyro (I) encircles the gut tube, but is widely dispersed in unorganized endoderm of
ethanol-treated embryos (J). Dotted line in (A, B) represents the embryonic midline. Circle in (G) surrounds the gut tube.
18 K.N. Wallace, M. Pack / Developmental Biology 255 (2003) 12–29
Fig. 5. Schematic representation of zebrafish digestive system morphogenesis. (A) At 18 hpf, progenitors of the pharynx (orange), pancreas (purple), and gut
(green) can be identified molecularly. (B) At 21 hpf, the foregut has formed and presumptive liver (yellow) progenitors can be identified. (C) At 26 hpf, the
hindgut has formed and the liver progenitors have expanded. (D) At 34 hpf, the gut extends from the level of the finbuds to the developing anorectum. The
pharynx and esophagus are undeveloped at this stage. (E) At 58 hpf, the pharynx (orange), esophagus (red), and developing intestine (green) are contiguous.
Cells within the developing exocrine pancreas (blue) are also now recognizable.
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ynx (Fig. 6D and E) and esophageal region (Fig. 6F and G)
is stratified. The histological appearance of the anterior
pharynx changes significantly by 50 hpf (Fig. 6H–O). The
pharyngeal endoderm is now arranged in a bilayer config-
uration that resembles a developing tube (Fig. 6I and J).
Caudal to this, the formerly stratified endoderm of the pos-
terior pharynx is a single layer of cells (Fig. 6K and L), and
the esophageal primordium is recognizable (Fig. 6M–O).
Morphology of these primordia changes further from 54
hpf (not shown) to 58 hpf (Fig. 6P–X). At these stages, the
lumen of the anterior pharynx forms and gill slits are evi-
dent between the rostral branchial arches that have migrated
ventromedially (Fig. 6Q and R). The posterior pharyngeal
arches have also migrated ventromedially (Fig. 6S and T),
but the lumen of the posterior pharynx is not patent at this
stage (Fig. 6U and V). The esophagus, however, is patent
(Fig. 6W) and contiguous with the rostral intestine (Fig. 6X)
near the insertion site of the hepatic–pancreatic duct.
In summary, these data show that morphogenesis of the
rostral digestive tract is not completed until 58 hpf, long
after the gut tube has formed. At this stage, contiguous,
histologically recognizable primordia of the pharynx,
esophagus, and intestine are present. Full patency of the
rostral digestive tract is achieved by 74 hpf, when the lumen
of the posterior pharynx is visible and the mouth is open.
Posteriorly, the anus is open at 96 hpf (not shown).
Epithelial polarization is coincident with organ
morphogenesis within the zebrafish digestive tract
Vertebrate digestive epithelia are polarized cells de-
signed for vectorial transport of molecules and ions that are
both secreted and absorbed. Although the polarized cell
phenotype is a characteristic of differentiated epithelia, the
timing of polarization within the developing digestive tract
has not been closely examined. Considerable evidence ex-
ists from cell culture studies that cell polarization has an
important role in tissue morphogenesis of tubular and glan-
dular organs, such as the kidney and breast (Klein et al.,
1988; O’Brien et al., 2001). Acquisition of cell polarization
is also coincident with morphogenesis of the nematode gut
(Leung et al., 1999).
We examined the timing of cell polarization relative to
tissue morphogenesis within the developing zebrafish diges-
tive tract. The apical and basolateral cell borders of the
zebrafish digestive epithelia were identified by using estab-
lished vertebrate markers. Antibodies to type-1 laminin
identified the basal basement membrane, antibodies to -ac-
tin identified the apical terminal web, beneath the microvil-
lus brush border, and a pan-cadherin antibody identified the
lateral cell border. Tissue sections of immunostained whole-
mount embryos were analyzed to determine the stages at
which these markers were first apparent within the pharynx,
esophagus, and gut.
Basal laminin was the first identifiable polarization
marker within each of the organ primordia examined. At 26
hpf, laminin surrounds the foregut and hindgut endoderm
(Fig. 7A and B) and the developing midgut (not shown).
Faint laminin immunoreactivity surrounding individual
cells within the pharyngeal endoderm was also evident at
this stage (not shown). This pattern was pronounced at 34
hpf (Fig. 6C and E) and later, at 50 hpf when the anterior
pharyngeal endoderm had adopted a bilayer configuration
(Fig. 6J and L). Laminin was also detected within the
esophageal primordium at 34 hpf (Fig. 6G), before comple-
tion of its morphogenesis at 50 hpf (Fig. 6N).
Within the gut, markers defining the apical cell border
were first apparent following definition of the basal cell
border. Both -actin and alkaline phosphatase activity are
first seen at 34 hpf, soon after laminin is identified (Fig.
7C–F). Neither -actin nor alkaline phosphatase is ex-
pressed within the developing pharynx and esophagus, and
therefore, the time point at which the apical region is de-
fined within these primordia has not been determined. This
finding may be expected, given that the mature epithelia of
both organs are largely stratified and not principally con-
cerned with nutrient absorption.
Lateral cadherin immunoreactivity was identified within
each of the organ primordia that comprise the developing
digestive tract. Within the gut, its appearance was coinci-
Fig. 6. Zebrafish pharynx and esophagus development: morphogenesis and cell polarization. (A–G) 34 hpf. (A) Lateral view of nkx-2.3 expression within
the branchial arches with corresponding histological sections (B, D, F). (B) The anterior pharynx is comprised of a single layer of endoderm. Caudally, the
endoderm of the posterior (D) pharynx is stratified. (F) Tissue compartmentalization is seen within the region of the developing esophagus. Analysis of caudal
serial sections from this and subsequent stages identifies the primordia of the esophagus (e), liver (l), swimbladder (s), and hepatic duct (hd). (C, E, G) 34-hpf
laminin immunostainings. At this stage, laminin surrounds individual cells within the anterior and posterior pharynx (C, E) and tissue compartments near the
esophageal primordium (G). (H–O) 50 hpf. (H) Lateral view of nkx-2.3 expression. Tissue sections (I) and immunostainings with laminin (green, J) and
cadherin (red inset, J) reveal an epithelial bilayer within the anterior pharynx. The posterior pharynx remains stratified (K) and is clearly surrounded by
laminin within the developing basement membrane (L). Organization of the esophagus primordium (arrowhead) and swimbladder pneumatic duct (s) is now
evident in tissue sections (M) The esophageal epithelium (arrowhead) is now also polarized (N, O). Note also laminin and cadherin in the hepatic duct (arrow).
(P–X) 58 hpf. (P) Lateral view of nkx-2.3 expression. (Q) The lumen of the rostral anterior pharynx is visible in tissue sections as are nearby ventral gill slits.
(S) The lumen of the anterior pharynx narrows caudally. Note ventral location of the pharyngeal arches in this region (p). (U) The lumen of the posterior
pharynx, near the esophageal border, is filled with amorphous debris and difficult to appreciate in tissue sections. (W) At this stage, the esophageal
(arrowhead) and swim bladder pneumatic duct (s) lumens are clearly patent. Liver (l) and hepatic duct (arrow) are also seen in this section. Caudally (X),
the hepatic–pancreatic duct (red arrowhead) inserts into the developing intestine (black arrowhead). Developing exocrine pancreas (black arrow) and
pancreatic islet (yellow arrow) are evident in this section. (y, yolk). (R, T, V) Immunoreactive laminin surrounding the pharynx. In all panels: h, hindbrain;
e, ear; p, brancheal arches; ph, pharynx; s, swimbladder; hd, hepatic duct; l, liver; es, esophagus.
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dent with the apical markers in all regions (Fig. 7G and H).
Within the anterior pharynx, scattered cadherin was present
at 34 hpf (not shown) but not prominent until 50 hpf, when
the epithelial bilayer is evident (Fig. 6J, red inset). Cadherin
within the esophageal epithelium was also identified at 50
hpf (Fig. 6O), a time point when laminin is prominent.
Together, these data show that epithelial polarization is
coincident with tissue morphogenesis within the developing
zebrafish digestive tract. Moreover, these findings suggest a
model of tissue morphogenesis in zebrafish that corresponds
to established models of mammalian epithelial tissue mor-
phogenesis (Klein et al., 1988; O’Brien et al., 2001). Polar-
ization of cultured mammalian cells initiates with the dep-
osition of laminin within developing basement membranes.
Laminin appears to function similarly during development
of the zebrafish digestive tract, given its appearance relative
to tissue morphogenesis and the appearance of other polar-
ization markers. This suggests that conserved cellular mech-
anisms regulate digestive organ morphogenesis in zebrafish
and amniotes, despite differences in the timing and manner
of anlagen formation.
Mammalian gata-4 and zebrafish fau/gata-5 play related
roles in digestive organ morphogenesis
Gene-targeting studies have revealed an important role
for the transcription factor gata-4 during cardiac and gut
development. In gata-4 mutant mice, perturbation of rostral
endoderm folding disrupts foregut morphogenesis that is
associated with cardia bifida (Kuo et al., 1997; Molkentin et
al., 1997). Analysis of chimeric mutant mice and experi-
ments in chicken embryos show that gata-4 activity within
the extraembryonic endoderm regulates foregut morphogen-
esis non-cell-autonomously (Narita et al., 1997; Ghatpande
et al., 2000). Mutations in zebrafish gata-5 have been shown
to be responsible for faust (fau), a cardia bifida mutant that
also affects endoderm development (Reiter et al., 1999). For
this reason, histological analysis of fau mutants was performed
to determine whether mammalian gata-4 and zebrafish gata-5
play related roles during digestive organ development.
Previously, it has been reported that digestive endoderm
is reduced and that endodermal migration is perturbed in
early fau mutants (Reiter et al., 1999). We observed similar
defects of the fau pharyngeal endoderm. Pharyngeal dupli-
cations or a widened pharynx was present in all 74-hpf fau
mutants examined (Fig. 8I, J, and M), whereas all larvae had
a solitary esophagus and intestine and normally express an
early differentiation marker identified by a fluorescent-con-
jugated lectin (Fig. 8K, L, N, and O). Laminin and cadherin
immunostainings revealed that formation of the pharyngeal
epithelial bilayer normally present in wild-type embryos
was perturbed in fau mutants (Fig. 8A–H). It was particu-
larly noticeable at the embryonic midline (Fig. 8F–H). By
contrast, the laminin immunostaining pattern of 34-hpf fau
mutants (Fig. 8C and D) was normal. From this, we con-
clude that zebrafish gata-5 is not required for endodermal
migration during gastrulation, but, like mammalian gata-4,
gata-5 is required for endodermal migration during pharyn-
geal morphogenesis.
Gene knockdown studies provide further evidence that
gata-5/faust is the zebrafish ortholog of mammalian gata-4.
In mammals and birds, gata gene function within extraem-
bryonic endoderm is required for foregut formation (Narita
et al., 1997; Ghatpande et al., 2000). We identified a similar
role for gata-5 in the yolk syncitial layer (YSL), a zebrafish
tissue that is homologous to the avian and mammalian
extraembryonic endoderm (Reiter et al., 1999; Chen and
Kimelman, 2000). Restricted delivery into the YSL of an
anti-sense gata-5 morpholino caused cardia bifida and de-
layed pharyngeal migration (16%, n  69; data not shown),
findings never seen in embryos injected with various control
morpholinos.
shh signaling regulates related aspects of mammalian and
zebrafish digestive organ development
Esophageal development
The role of shh during mammalian digestive organ de-
velopment has been studied extensively. Inactivation of shh
gene function or gli transcription factor-mediated shh sig-
naling has a striking effect on esophageal morphogenesis.
The esophagus of shh and gli- 2/3 mutants is hypoplastic,
and tracheoesophageal fistula is seen in each (Litingtung et
al., 1998; Motoyama et al., 1998). By contrast, morphogen-
esis of the pharynx and distal digestive tract occurs in a
relatively normal fashion in these mutants.
Phenotypic analysis of sonic hedgehog [sonic you (syu)]
and gli-2 (yto) mutants (Karlstrom et al., 1999; Schauerte et
al., 1998) suggests that hedgehog signaling plays a similar
role in zebrafish digestive organ development. Perturbation
of both zebrafish genes affects the esophagus and the pneu-
matic duct, the tissue homologue of the mammalian trachea
(Perrin et al., 1999). In syu mutants, the esophagus is dys-
morphic, and branching of the pneumatic duct is often
difficult to recognize (Fig. 9B and E). A related yet less-
pronounced defect in esophageal development was seen in
the gli-2 mutant [you too (yto)] larvae (Fig. 9C and F).
Differentiation of the esophageal epithelium is perturbed in
both mutants (Fig. 9H and I), whereas morphogenesis and
early differentiation of the proximal (pharynx) and distal
(intestine) digestive tract occur normally (not shown).
hedgehog signaling is essential to zebrafish and
mammalian liver and pancreas development
Hedgehog signaling is essential to mammalian pancreas
development. Experiments in the chick and mouse have
shown that notochord-mediated inhibition of shh expression
within the dorsal gut endoderm is necessary for formation of
the dorsal pancreatic bud (Apelqvist et al., 1997; Hebrok et
al., 1998). Recently, it has also been shown that the ventral
pancreatic bud arises from gut endoderm that is not induced
by nearby cardiac mesoderm to express shh (Deutsch et al.,
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Fig. 7. Tissue morphogenesis and cell polarization are coincident within the developing gut tube. (A, B) 26 hpf. Laminin surrounds the newly formed foregut
(A, arrow) and hindgut (B, arrow) Arrowheads, pronephric ducts. (C–H) 34 hpf. Apical -actin (C, D) and alkaline phosphatase activity (E, F) are seen in
the gut for the first time at this stage (foregut: white dashed line in C, arrow in E; hindgut: white dashed line in D, arrow in F). Immunoreactive cadherin
within the foregut (G arrow) and hindgut (H arrow) is also evident at 34 hpf.
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2001). Finally, targeted disruption of shh enlarges the en-
docrine pancreas relative to other organs (Hebrok et al.,
2000). Thus, there is considerable evidence showing that
shh functions as a negative regulator of pancreas develop-
ment within both the dorsal and ventral pancreatic anlagen.
shh also plays an important role in zebrafish pancreas
development, but surprisingly, this role appears to be the
reverse of mammalian shh. In contrast to mammals, hedge-
hog signaling in zebrafish is required for pancreas develop-
ment. Recent reports (Roy et al., 2001; diIorio et al., 2002)
and our own analyses show that shh mutants have minimal
levels of immunoreactive insulin and other pancreas tran-
scripts. Consistent with the reduced levels of immunoreac-
tive insulin present in syu mutants, hhex expression within
Fig. 9. Esophageal development is perturbed by loss of hedgehog signaling. (A–C) Cross-sections through the esophagus of wild-type (A), syu (B), and yto
(C) 74-hpf larvae with corresponding schematics (D–F). The wild-type esophagus is comprised of a folded epithelium surrounded by mesenchyme. The
swimbladder pneumatic duct (*) branches from the esophagus (arrow) at this level. By contrast, the syu (B) and yto (C) esophagus (arrow) is dysmorphic
and binds minimal fluorescent soybean agglutinin (H, I), an epithelial differentiation marker, compared with wild-types (G).
Fig. 8. gata-5/fau is required for pharynx morphogenesis but not formation of the esophagus or gut. (A–D) 34 hpf. (A) Lateral view of nkx-2.3 expression
within the fau branchial arches with corresponding histological section (B) and laminin immunostaining (C). (B) The fau pharyngeal endoderm appears
normal in tissue sections (compare with Fig. 5B). (C) Laminin within the fau pharynx is normal compared with wild-type (D). (E–H) 50 hpf. (E) Lateral view
of nkx-2.3 expression within the fau branchial arches with corresponding histological section (F) and laminin (green) and cadherin (red inset) immuno-
stainings in fau (G) and wild-type (H) embryos. The epithelial bilayer within the pharyngeal endoderm that is normally present at 50 hpf (H) is not present
in fau mutants (G). (I–U) 74 hpf. (I, P) Lateral view of nkx-2.3 expression within the branchial arches of fau (I) and wild-type (P) larvae with corresponding
histological sections (fau: J, M, K, L; and wild-type: Q, R, S). The fau pharynx is duplicated (J; 18%, n  58) or widened (M) compared with wild-type
siblings (Q). In contrast, fau esophagus morphology (K) and differentiation (N) is normal compared with wild-type siblings (R, T). (L) The solitary 74-hpf
fau intestine is smaller than that of wild-type siblings (S). Apical binding of a fluorescent lectin (soybean agglutinin) that normally appears after the gut forms
is present in both fau (O) and wild-type (U) 74-hpf larvae. In all panels: ph, pharynx; p, branchial arches; e, esophagus; h, hindbrain; I, intestine.
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the pancreatic endoderm of syu mutants is markedly re-
duced at 26 (Fig. 10A and B) and 34 hfp (Fig. 10D and E).
Mammalian liver and ventral pancreas are believed to
arise from a common progenitor within ventral foregut
endoderm. shh appears to regulate the cell fate decisions of
this bipotential cell population. In this model, endodermal
cells that express shh in response to FGF secreted by the
adjacent cardiac mesoderm form liver, whereas nonre-
sponding cells, which do not express shh, form pancreas
(Deutsch et al., 2001). Zebrafish shh functions in a related
manner during liver and pancreas development, albeit the
reverse of what occurs in mammalian development. Coin-
cident with the severe reduction in pancreas in all syu
mutants, we observed an enlarged liver in a majority of syu
mutant embryos at 34 hpf (n  65% of 55 random pairs)
and 50 hpf (n  59% of 34 random pairs) (Fig. 10D and E,
and 10H and I). The percentage of syu mutant larvae with an
enlarged liver decreased at 74 hpf (n  20% of 40 random
pairs) (Fig. 10J and K), suggesting that liver size is subse-
quently regulated by other mechanisms during larval devel-
opment.
Forced expression of shh RNA produced the opposite
effect on liver development. Microinjection of shh RNA at
the one-cell stage not only uniformly enlarged the pancreas
(Roy et al., 2001; diIorio et al., 2002) but also reduced liver
size of injected embryos at 26 hpf (91%; n  47) and at 34
hpf (33%; n  149) (Fig. 10C and F). The effect of ectopic
shh RNA was transient as liver size was normal in 50-hpf
injected embryos (not shown). Taken together, the loss- and
gain-of-function experiments show that shh is a positive
regulator of zebrafish pancreas development, but a negative
regulator of zebrafish liver development, the opposite of the
reciprocal role shh has been proposed to play during mam-
malian development.
To gain a better understanding of the role of hedgehog
signaling during zebrafish liver and pancreas development,
we also analyzed embryos treated with cyclopamine, a
global inhibitor of hedgehog signaling (Fig. 10G). Cyclo-
pamine treatment at early time points (12 hpf) inhibited
the specification of both pancreas (diIorio et al., 2002; Roy
et al., 2002) and liver progenitors (6 hpf, n  72; and 10
hpf, n  78; data not shown). The effect of cyclopamine
treatment at 12 hpf was restricted to the liver (65% of
treated embryos have no liver n  85) (Fig. 10G), whereas
treatment at 13 hpf had no effect on either group of organ
progenitors (not shown). Thus, global inhibition of hedge-
hog signaling appears to affect specification of both liver
and pancreas progenitors. Moreover, these events occur
sequentially during zebrafish development, which suggests
that they may be regulated by distinct hedgehog family
members. We hypothesize that shh is necessary for pancreas
specification, whereas another hedgehog gene regulates
liver specification. In zebrafish, shh also appears to regulate
the proliferation of specified liver progenitors.
Discussion
The developmental biology of the vertebrate digestive
system has recently become a topic of considerable interest.
In particular, our understanding of the genetic regulation of
endodermal specification and liver and pancreas develop-
ment has advanced rapidly (Edlund, 1998; Stainier, 2002;
Zaret, 2001). Molecular analyses of this nature are depen-
dent on a thorough understanding of the anatomical orga-
nization of tissue primordia at early developmental stages.
The goal of this study was to provide this information for
the zebrafish.
Unique aspects of zebrafish digestive tract morphogenesis
Delayed onset of zebrafish gut tube formation
Genetic analysis in zebrafish has elucidated a molecular
pathway of endoderm formation (Aoki et al., 2002; Dick-
meis et al., 2001; Kikuchi et al., 2001; Reiter et al., 1999;
Stainier, 2002). Warga (Warga and Nusslein-Volhard,
1999) generated a fate map of digestive organ progenitors
within the zebrafish gastrula and used time-lapse video to
trace the morphogenetic movements of endodermal cells.
Together, these data revealed that endodermal digestive
organ progenitors enter the hypoblast from restricted posi-
tions along the blastoderm margin and subsequently migrate
to the embryonic midline. Gut endoderm completes this
medial migration at about 18 somites, a comparatively later
developmental stage than the mammalian endoderm, which
completes its migration through the primitive streak as gas-
trulation ends. Consequently, we find that gut tube forma-
tion in zebrafish begins during mid- to late-somite stages,
whereas in mammals, the gut begins to form at early-somite
stages (1–2 somites). Given that the timing of zebrafish
somite formation relative to other developmental mile-
stones, such as rhombomere formation and neural tube
closure, is comparable to other vertebrates (Kimmel et al.,
1995; Kaufman and Bard, 1999), gut morphogenesis in
zebrafish occurs at a considerably later time point than in
amniotes.
The zebrafish anterior digestive tract develops separately
from the gut tube
Morphogenesis of the zebrafish pharynx and esophagus
was also analyzed in this study. Surprisingly, we observed
that the primitive endodermal tube we term the zebrafish gut
occupies a comparatively smaller percentage of the diges-
tive endoderm than the gut tube of amniotes. In contrast to
mammals, birds, and frogs, the rostral gut of zebrafish
originates at the level of the finbuds rather than the stomo-
deum (future mouth). Thus, the progenitors of the zebrafish
pharynx progenitors were predicted to arise from endoderm
rostral to the gut tube, whereas the pharyngeal progenitors
of amniotes reside within the foregut tube.
Support for this model of zebrafish pharynx development
comes from histological and mutant analyses. First, we
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observe that morphogenesis of the pharynx from anterior
endodermal precursors can be followed in chronologically
staged tissue sections. Second, we show that gata genes
play comparable roles in zebrafish and mammalian pharynx
morphogenesis. Third, we show that extraembryonic gata
gene activity is essential to pharynx formation in zebrafish,
as has been shown in mammals. These findings support the
identification of zebrafish pharyngeal progenitors within the
rostral endoderm.
Similar lines of evidence support our identification of the
liver and pancreas progenitors within the anterior
endoderm. First, using cyclopamine, an inhibitor of hedge-
hog signaling, we show that liver and pancreas (diIorio et
al., 2002; Roy et al., 2001) progenitors are specified long
before the gut tubes forms. Second, we observe that
endodermal hhex and pdx expression begins in advance of
zebrafish gut morphogenesis, that these cells remain rostral
to the foregut throughout the early stages of digestive sys-
tem development, and that their numbers are greatly re-
duced in syu mutants, which have minimal pancreatic tissue.
Third, we show that the liver (duplicated) and endocrine
pancreas can form in ethanol-treated embryos that lack a gut
tube. Finally, we could not identify liver or pancreas tissue
buds emanating from the zebrafish gut, whereas they are
prominent in mammals. Taken together, we believe that
these data support a model in which liver and endocrine
pancreas arise from cells rostral to the gut, as opposed to
tissue buds. Whether progenitors of the zebrafish exocrine
pancreas arise from a common pancreatic progenitor within
the rostral gut endoderm is not known, although gene knock-
down experiments suggest that they do (Yee et al., 2001).
Gut tube formation involves the rearrangement of newly
polarized cells rather than the folding of an endoderm
sheet
Another aspect of zebrafish digestive tract morphogene-
sis that appeared different from other vertebrates was the
manner in which the gut tube formed. The zebrafish gut
appears to form through the rearrangement of contiguous
cells as they polarize. In contrast, the mammalian endoderm
folds to form the gut tube. Whether endodermal polarization
accompanies gut morphogenesis in other vertebrates is un-
known. Immunohistochemical analysis points to laminin as
a likely organizer of the endoderm during zebrafish gut
morphogenesis as its basal distribution either presaged or
closely paralleled tube formation in various regions of the
digestive tract. Tube formation within the zebrafish diges-
tive tract may therefore be akin to the formation of tubular
structures in the mammalian kidney and breast epithelium,
where an important role for type-1 laminin has been ob-
served in cell culture models (Klein et al., 1988; O’Brien et
al., 2001).
Recently, defects of gut morphogenesis were reported in
zebrafish heart and soul (has) mutants. The finding that the
has gene encodes an atypical PKC gene supports our model
of tube formation in the zebrafish digestive tract, as PKC
genes are known to regulate epithelial cell polarity in other
model systems (Horne-Badovinac et al., 2001). Alterna-
tively, it is conceivable that cell polarization is not neces-
sary for gut tube formation and that cavitation (Davidson
and Keller, 1999; Haddon and Lewis, 1996; Strahle and
Blader, 1994) or some other process is sufficient for lumen
formation. Interference with laminin genetically, molecu-
larly, or via antibody-mediated inhibition of protein func-
tion will be required to determine this conclusively.
Conserved aspects of zebrafish digestive tract
morphogenesis
These differences notwithstanding, we identified many
aspects of gut development that are conserved in zebrafish
and other vertebrates. First, the temporal sequence of gut
tube formation is identical. As observed in mammals and
birds, the rostral gut of zebrafish forms first, followed by the
hindgut, and last, the midgut. This is particularly interesting
because the positional cues presented to the zebrafish rostral
gut endoderm, which resides beneath the notochord, would
be expected to differ from those presented to the mamma-
lian foregut endoderm, which resides beneath the head pro-
cess. Second, tube formation originates in the embryonic
midline. Although it might not be predicted, it is conceiv-
able that the zebrafish gut might form through the midline
fusion of paired endodermal tubes. Our histological analysis
shows that this is not the case. We hypothesize that gut
formation occurs non-cell-autonomously, through signals
transmitted to the endoderm from gut mesenchyme, adja-
cent midline structures, or the YSL. A possible role for axial
mesoderm in gut morphogenesis is supported by the obser-
vation that spadetail mutants, in which axial mesoderm is
expanded laterally, can have gut duplications (H. Verkade
and D. Stainier, personal communication).
Conserved molecular determinants regulate zebrafish
digestive organ development
Despite differences of endoderm organization, conserved
molecular determinants appear to regulate digestive organ
development in teleosts and other vertebrates. Previously,
we identified such roles for zebrafish hhex (Wallace et al.,
2001) and pdx (Yee et al., 2001), genes that are essential to
mammalian liver and pancreas development. This study
suggests that zebrafish gata-5 and shh play roles closely
related to their mammalian orthologs at various develop-
mental stages.
Zebrafish gata-5/fau is a functional ortholog of
mammalian gata-4
Histological analysis of fau mutants shows that zebrafish
gata-5 regulates formation of the rostral zebrafish digestive
tract. We hypothesize that lateral-to-medial movement of
the zebrafish pharyngeal endoderm accompanies the ventro-
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medial migration of the branchial arch primordia at 50 hpf
and that these movements underlie pharyngeal morphogen-
esis. We propose that such movements are analogous to the
movements of mammalian rostral endoderm as it folds to
form the foregut (Kaufman and Bard, 1999; Wells and
Melton, 1999). In mammals, extraembryonic gata gene ac-
tivity is essential to this process (Narita et al., 1997; Ghat-
pande et al., 2000). This also appears true of the zebrafish,
as selective inhibition of gata-5 translation in the YSL, the
tissue ortholog of the mammalian anterior visceral
endoderm, produces a fau phenocopy.
The fau allele we analyzed is predicted to be a hypo-
morph that is also associated with a reduction of endoderm
and endodermally derived tissues, such as the pancreas and
liver (Reiter et al., 1999, 2001). Consistent with this obser-
vation, we find that the size of the fau esophagus and
intestine is also reduced, whereas early differentiation of the
epithelium of both organs appears normal. Whether fau
mutants that lack all gata-5 activity would result in an early
lethal phenotype, as is seen with targeted disruption of
mammalian gata-4, is unknown. Early lethality also pre-
cludes analysis of liver and pancreas development in gata-4
mutant mice and, therefore, comparison with fau mutants.
Hedgehog signaling regulates related events in zebrafish
and mammalian digestive organ development
Analysis of syu and yto mutants showed that hedgehog
signaling regulates common features of zebrafish and mam-
malian digestive organ development. We observed defects
in esophageal morphogenesis and differentiation in both syu
and yto mutants that are related to esophageal defects seen
Fig. 10. shh regulates zebrafish liver and pancreas development. (A–C) Endodermal hhex expression at 26 hpf, dorsal view. (A) Wild-type liver (arrow) and
pancreas (arrowhead) progenitors express hhex. (B) syu mutants lack hhex expression within the developing endocrine pancreas but retain expression within
the liver progenitors (arrow). (C, F) Forced expression of shh RNA enlarges the endocrine pancreas (arrowhead) and dramatically reduces the number of liver
progenitors (arrow) that express hhex (91% of injected embryos at 26 hpf, n  47, and 33% of injected embryos at 34 hpf, n  147). (D, E) hhex expression
at 34 hpf, dorsal view. (D) hhex expression within the liver (arrow) and endocrine pancreas (islet, arrowhead) of a wild-type 34-hpf embryo. (E) syu mutants
lack hhex expression within the endocrine pancreas and have an enlarged liver (arrow; syu liver enlarged in 65% of 55 random pairs). (G) Embryos treated
with cyclopamine at 12 hpf have normal pancreatic hhex expression at 34 hpf (arrowhead), but lack liver progenitors. (H, I) Liver gata-6 expression, 50 hpf
(dorsolateral view). The liver of syu mutants (I) is enlarged relative to wild-types (H) (n  59% of 34 random pairs). (J, K) Liver enlargement in a 74-hpf
syu larva (K) compared with a wild-type sibling (J) (n  20% of 20 random pairs). Liver size comparisons (D, E and G, H and I, J) were made between
randomly paired syu mutants and wild-type siblings. At these stages, the syu liver is either enlarged or equal in size to the wild-type liver in all pairs of
embryos.
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in shh- and gli-deficient mice. We also identified anorectal
abnormalities in both mutants that are also closely related to
reported defects in shh and gli mutant mice (not shown).
These similarities are noteworthy, given the anatomical
differences of the developing teleost and mammalian ano-
rectum and urogenital system, and will be presented as a
separate report.
Although our findings regarding the role of shh in ze-
brafish pancreas development appear paradoxical, they are
in some ways consistent with a recently proposed model of
mammalian development (Deutsch et al., 2001). In this
model, shh promotes liver rather than pancreatic specifica-
tion within the foregut endoderm. shh regulates related
events in zebrafish, albeit in the reverse fashion. shh is a
positive regulator of pancreatic progenitor specification in
zebrafish and, as we show, a negative regulator of zebrafish
liver development. syu mutants have reproducible alter-
ations in liver size that can easily be overlooked if not
specifically and closely looked for. However, liver size is
initially normal in syu mutants. From this, we propose that
zebrafish shh regulates the proliferation, rather than the
specification, of liver progenitors. The finding that ectopic
shh expression reduces liver size supports this hypothesis.
Whether zebrafish liver and pancreas arise from a bipo-
tential population of endodermal progenitors, as has been
proposed to occur during mammalian development, is un-
known. An endodermal lineage analysis performed by
Warga (Warga and Nusslein-Volhard, 1999) argues against
the existence of such a population of cells in zebrafish.
Zebrafish blastomeres microinjected with a lineage tracer
before the onset of gastrulation infrequently give rise to
both liver and pancreas. Moreover, we show that liver and
pancreas specification can also be inhibited at different,
mid-somite stage time points by pharmacological perturba-
tion of hedgehog signaling. Although these data by no
means exclude a common progenitor, we believe that they
support a model in which the zebrafish liver and pancreas
arise from separate populations of endodermal progenitors.
Analysis of cyclopamine-treated embryos and smooth-
ened mutants (Barresi et al., 2000) suggest that hepatic
specification of the zebrafish endoderm is regulated by a
hedgehog family member that is not shh. Currently, we are
investigating whether other zebrafish hedgehog genes have
a role in liver specification. Alternatively, as suggested by
Roy et al. (2001), distinct thresholds of shh activity may
regulate different stages of zebrafish digestive organ devel-
opment. Chemical or genetic inhibition may not reveal this
function of shh because of pronounced inhibition of hedge-
hog signaling.
Conclusion
We identify important differences and similarities of
digestive system development between zebrafish and other
vertebrates. The finding that the zebrafish digestive anlagen
arise independently of a primitive gut tube, as occurs in
nematodes (Wood and Community of C. elegans Research-
ers, 1988) and flies (Hartenstein, 1993), suggests that the
mechanisms regulating lineage specification within the
endoderm have been modified during vertebrate evolution.
Progenitors of the mammalian anterior digestive system
reside within the foregut and develop in response to mes-
enchymal signals. Classical tissue recombination studies
(Le Douarin and Bussonnet, 1966) suggest that this may be
a common signal that acts upon endoderm now known to be
patterned by shh, activins, and other genes. Such mecha-
nisms of endodermal patterning may not be required of
zebrafish because digestive organ progenitors develop sep-
arately from one another. This may account for why an
important patterning gene such as shh is prominently ex-
pressed at early stages within the developing mammalian
gut tube, but is first expressed within the zebrafish gut at a
comparatively later developmental stage (Krauss et al.,
1993). Such differences may provide an opportunity to use
zebrafish to characterize molecular programs essential to
vertebrate organogenesis that are not feasible using other
model systems.
Acknowledgments
We thank Dan Kessler, Bob Riddle, and Ken Zaret for
critical reading of the manuscript. K.N.W. was supported by
NIH Training Grant T32- DK07006. M.P. was supported by
NIH RO-1 DK54942. Assistance was also provided through
NIH Center Grant P30 DK50306.
References
Aoki, T.O., David, N.B., Minchiotti, G., Saint-Etienne, L., Dickmeis, T.,
Persico, G.M., Strahle, U., Mourrain, P., Rosa, F.M., 2002. Molecular
integration of casanova in the Nodal signalling pathway controlling
endoderm formation. Development 129, 275–286.
Apelqvist, A., Ahlgren, U., Edlund, H., 1997. Sonic hedgehog directs
specialised mesoderm differentiation in the intestine and pancreas.
Curr. Biol. 7, 801–804.
Barresi, M.J., Stickney, H.L., Devoto, S.H., 2000. The zebrafish slow-
muscle-omitted gene product is required for Hedgehog signal transduc-
tion and the development of slow muscle identity. Development 127,
2189–2199.
Beck, F., Chawengsaksophak, K., Waring, P., Playford, R.J., Furness, J.B.,
1999. Reprogramming of intestinal differentiation and intercalary re-
generation in Cdx2 mutant mice. Proc. Natl. Acad. Sci. USA 96,
7318–7323.
Bellairs, R., Osmond, M., 1998. The Atlas of Chick Development, Aca-
demic Press, San Diego.
Biemar, F., Argenton, F., Schmidtke, R., Epperlein, S., Peers, B., Driever,
W., 2001. Pancreas development in zebrafish: early dispersed appear-
ance of endocrine hormone expressing cells and their convergence to
form the definitive islet. Dev. Biol. 230, 189–203.
Blader, P., Strahle, U., 1998. Ethanol impairs migration of the prechordal
plate in the zebrafish embryo. Dev. Biol. 201, 185–201.
Chen, J.N., Haffter, P., Odenthal, J., Vogelsang, E., Brand, M., van Eeden,
F.J., Furutani-Seiki, M., Granato, M., Hammerschmidt, M., Heisen-
27K.N. Wallace, M. Pack / Developmental Biology 255 (2003) 12–29
berg, C.P., Jiang, Y.J., Kane, D.A., Kelsh, R.N., Mullins, M.C., Nuss-
lein-Volhard, C., 1996. Mutations affecting the cardiovascular system
and other internal organs in zebrafish. Development 123, 293–302.
Chen, S., Kimelman, D., 2000. The role of the yolk syncytial layer in germ
layer patterning in zebrafish. Development 127, 4681–4689.
Currie, P.D., Ingham, P.W., 1996. Induction of a specific muscle cell type
by a hedgehog-like protein in zebrafish. Nature 382, 452–455.
Davidson, L.A., Keller, R.E., 1999. Neural tube closure in Xenopus laevis
involves medial migration, directed protrusive activity, cell intercala-
tion and convergent extension. Development 126, 4547–4556.
Deutsch, G., Jung, J., Zheng, M., Lora, J., Zaret, K.S., 20001. A bipotential
precursor population for pancreas and liver within the embryonic
endoderm. Development 128, 871–881.
Dickmeis, T., Mourrain, P., Saint-Etienne, L., Fischer, N., Aanstad, P.,
Clark, M., Strahle, U., Rosa, F., 2001. A crucial component of the
endoderm formation pathway, CASANOVA, is encoded by a novel
sox-related gene. Genes Dev. 15, 1487–1492.
diIorio, P.J., Moss, J.B., Sbrogna, J.L., Karlstrom, R.O., Moss, L.G., 2002.
Sonic hedgehog is required early in pancreatic islet development. Dev.
Biol. 244, 75–84.
Edlund, H., 1998. Transcribing pancreas. Diabetes 47, 1817–1823.
Ghatpande, S., Ghatpande, A., Zile, M., Evans, T., 2000. Anterior
endoderm is sufficient to rescue foregut apoptosis and heart tube
morphogenesis in an embryo lacking retinoic acid. Dev. Biol. 219,
59–70.
Grapin-Botton, A., Melton, D.A., 2000. Endoderm development: from
patterning to organogenesis. Trends Genet. 16, 124–130.
Haddon, C., Lewis, J., 1996. Early ear development in the embryo of the
zebrafish, Danio rerio. J. Comp. Neurol. 365, 113–128.
Hartenstein, V., 1993. Atlas of Drosophila Development, Cold Spring
Harbor Laboratory Press, Plainview, NY.
Hebrok, M., Kim, S.K., Melton, D.A., 1998. Notochord repression of
endodermal Sonic hedgehog permits pancreas development. Genes
Dev. 12, 1705–1713.
Hebrok, M., Kim, S.K., St Jacques, B., McMahon, A.P., Melton, D.A.,
2000. Regulation of pancreas development by hedgehog signaling.
Development 127, 4905–4913.
Ho, C.Y., Houart, C., Wilson, S.W., Stainier, D.Y., 1999. A role for the
extraembryonic yolk syncytial layer in patterning the zebrafish embryo
suggested by properties of the hex gene. Curr. Biol. 9, 1131–1134.
Horne-Badovinac, S., Lin, D., Waldron, S., Schwarz, M., Mbamalu, G.,
Pawson, T., Jan, Y., Stainier, D.Y., Abdelilah-Seyfried, S., 2001. Po-
sitional cloning of heart and soul reveals multiple roles for PKC lambda
in zebrafish organogenesis. Curr. Biol. 11, 1492–1502.
Humphrey, C.D., Pittman, F.E., 1974. A simple methylene blue-azure
II-basic fuchsin stain for epoxy-embedded tissue sections. Stain Tech-
nol. 49, 9–14.
Johnson, L.R., 1994. Physiology of the Gastrointestinal Tract, Raven Press,
New York.
Karlsson, L., Lindahl, P., Heath, J.K., Betsholtz, C., 2000. Abnormal
gastrointestinal development in PDGF-A and PDGFR-(alpha) deficient
mice implicates a novel mesenchymal structure with putative instruc-
tive properties in villus morphogenesis. Development 127, 3457–3466.
Karlstrom, R.O., Talbot, W.S., Schier, A.F., 1999. Comparative synteny
cloning of zebrafish you-too: mutations in the Hedgehog target gli2
affect ventral forebrain patterning. Genes Dev. 13, 388–393.
Kaufman, M.H., Bard, J.B.L., 1999. The Anatomical Basis of Mouse
Development, Academic Press, San Diego.
Kedinger, M., Lefebvre, O., Duluc, I., Freund, J.N., Simon-Assmann, P.,
1998. Cellular and molecular partners involved in gut morphogenesis
and differentiation. Philos. Trans. R. Soc. Lond. B Biol. Sci. 353,
847–856.
Kikuchi, Y., Agathon, A., Alexander, J., Thisse, C., Waldron, S., Yelon,
D., Thisse, B., Stainier, D.Y., 2001. Casanova encodes a novel Sox-
related protein necessary and sufficient for early endoderm formation in
zebrafish. Genes Dev. 15, 1493–1505.
Kikuchi, Y., Trinh, L.A., Reiter, J.F., Alexander, J., Yelon, D., Stainier,
D.Y., 2000. The zebrafish bonnie and clyde gene encodes a Mix family
homeodomain protein that regulates the generation of endodermal
precursors. Genes Dev. 14, 1279–1289.
Kim, S.K., Hebrok, M., Li, E., Oh, S.P., Schrewe, H., Harmon, E.B., Lee,
J.S., Melton, D.A., 2000. Activin receptor patterning of foregut orga-
nogenesis. Genes Dev. 14, 1866–1871.
Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B., Schilling, T.F.,
1995. Stages of embryonic development of the zebrafish. Dev. Dyn.
203, 253–310.
Klein, G., Langegger, M., Timpl, R., Ekblom, P., 1988. Role of laminin
A chain in the development of epithelial cell polarity. Cell 55, 331–
341.
Korzh, S., Emelyanov, A., Korzh, V., 2001. Developmental analysis of
ceruloplasmin gene and liver formation in zebrafish. Mech. Dev. 103,
137–139.
Krauss, S., Concordet, J.P., Ingham, P.W., 1993. A functionally conserved
homolog of the Drosophila segment polarity gene hh is expressed in
tissues with polarizing activity in zebrafish embryos. Cell 75, 1431–
1444.
Kuo, C.T., Morrisey, E.E., Anandappa, R., Sigrist, K., Lu, M.M., Par-
macek, M.S., Soudais, C., Leiden, J.M., 1997. GATA4 transcription
factor is required for ventral morphogenesis and heart tube formation.
Genes Dev. 11, 1048–1060.
Lai, E., Prezioso, V.R., Tao, W.F., Chen, W.S., Darnell Jr., J.E., 1991.
Hepatocyte nuclear factor 3 alpha belongs to a gene family in mammals
that is homologous to the Drosophila homeotic gene fork head. Genes
Dev. 5, 416–427.
Laverriere, A.C., MacNeill, C., Mueller, C., Poelmann, R.E., Burch, J.B.,
Evans, T., 1994. GATA-4/5/6, a subfamily of three transcription factors
transcribed in developing heart and gut. J. Biol. Chem. 269, 23177–
23184.
Le Douarin, N., Bussonnet, C., 1966. [Early determination and inductive
role of the pharyngeal endoderm in the chick embryo]. C. R. Acad. Sci.
Hebd Seances Acad. Sci. D 263, 1241–1243.
Lee, K.H., Xu, Q., Breitbart, R.E., 1996. A new tinman-related gene,
nkx2.7, anticipates the expression of nkx2.5 and nkx2.3 in zebrafish
heart and pharyngeal endoderm. Dev. Biol. 180, 722–731.
Leung, B., Hermann, G.J., Priess, J.R., 1999. Organogenesis of the Cae-
norhabditis elegans intestine. Dev. Biol. 216, 114–134.
Litingtung, Y., Lei, L., Westphal, H., Chiang, C., 1998. Sonic hedgehog is
essential to foregut development. Nat. Genet. 20, 58–61 [see com-
ments].
Martinez Barbera, J.P., Clements, M., Thomas, P., Rodriguez, T., Meloy,
D., Kioussis, D., Beddington, R.S., 2000. The homeobox gene Hex is
required in definitive endodermal tissues for normal forebrain, liver and
thyroid formation. Development 127, 2433–2445.
Milewski, W.M., Duguay, S.J., Chan, S.J., Steiner, D.F., 1998. Conserva-
tion of PDX-1 structure, function, and expression in zebrafish. Endo-
crinology 139, 1440–1449.
Miller, C.P., McGehee, R.E., Jr., Habener, J.F., 1994. IDX-1: a new
homeodomain transcription factor expressed in rat pancreatic islets and
duodenum that transactivates the somatostatin gene. EMBO J. 13,
1145–1156.
Molkentin, J.D., Lin, Q., Duncan, S.A., Olson, E.N., 1997. Requirement of
the transcription factor GATA4 for heart tube formation and ventral
morphogenesis. Genes Dev. 11, 1061–1072.
Motoyama, J., Liu, J., Mo, R., Ding, Q., Post, M., Hui, C.C., 1998.
Essential function of Gli2 and Gli3 in the formation of lung, trachea
and oesophagus. Nat. Genet. 20, 54–57 [see comments].
Narita, N., Bielinska, M., Wilson, D.B., 1997. Wild-type endoderm abro-
gates the ventral developmental defects associated with GATA-4 de-
ficiency in the mouse. Dev. Biol. 189, 270–274.
O’Brien, L.E., Jou, T.S., Pollack, A.L., Zhang, Q., Hansen, S.H., Yur-
chenco, P., Mostov, K.E., 2001. Rac1 orientates epithelial apical po-
larity through effects on basolateral laminin assembly. Nat. Cell Biol.
3, 831–883.
28 K.N. Wallace, M. Pack / Developmental Biology 255 (2003) 12–29
Pack, M., Solnica-Krezel, L., Malicki, J., Neuhauss, S.C., Schier, A.F.,
Stemple, D.L., Driever, W., Fishman, M.C., 1996. Mutations affecting
development of zebrafish digestive organs. Development 123, 321–
328.
Perrin, S., Rich, C.B., Morris, S.M., Stone, P.J., Foster, J.A., 1999. The
zebrafish swimbladder: a simple model for lung elastin injury and
repair. Connect. Tissue. Res. 40, 105–112.
Reiter, J.F., Alexander, J., Rodaway, A., Yelon, D., Patient, R., Holder, N.,
Stainier, D.Y., 1999. Gata5 is required for the development of the heart
and endoderm in zebrafish. Genes Dev. 13, 2983–2995.
Reiter, J.F., Kikuchi, Y., Stainier, D.Y., 2001. Multiple roles for Gata5 in
zebrafish endoderm formation. Development 128, 125–135.
Roberts, D.J., Smith, D.M., Goff, D.J., Tabin, C.J., 1998. Epithelial–
mesenchymal signaling during the regionalization of the chick gut.
Development 125, 2791–2801.
Roy, S., Qiao, T., Wolff, C., Ingham, P.W., 2001. Hedgehog signaling
pathway is essential for pancreas specification in the zebrafish embryo.
Curr. Biol. 11, 1358–1363.
Schauerte, H.E., van Eeden, F.J., Fricke, C., Odenthal, J., Strahle, U., Haffter,
P., 1998. Sonic hedgehog is not required for the induction of medial floor
plate cells in the zebrafish. Development 125, 2983–2993.
Simon-Assmann, P., Kedinger, M., De Arcangelis, A., Rousseau, V., Simo,
P., 1995. Extracellular matrix components in intestinal development.
Experientia 51, 883–900.
Smith, L.S., 1982. Introduction to Fish Physiology, T.F.H. Publications,
Neptune, NJ.
Stainier, D.Y., 2002. A glimpse into the molecular entrails of endoderm
formation. Genes Dev. 16, 893–907.
Strahle, U., Blader, P., 1994. Early neurogenesis in the zebrafish embryo.
FASEB J. 8, 692–698.
Strahle, U., Blader, P., Henrique, D., Ingham, P.W., 1993. Axial, a ze-
brafish gene expressed along the developing body axis, shows altered
expression in cyclops mutant embryos. Genes Dev. 7, 1436–1446.
Sun, Z., Hopkins, N., 2001. vhnf1, the MODY5 and familial GCKD-
associated gene, regulates regional specification of the zebrafish gut,
pronephros, and hindbrain. Genes Dev. 15, 3217–3229.
Wallace, K.N., Yusuff, S., Sonntag, J.M., Chin, A.J., Pack, M., 2001.
Zebrafish hhex regulates liver development and digestive organ chiral-
ity. Genesis 30, 141–143.
Warga, R.M., Nusslein-Volhard, C., 1999. Origin and development of the
zebrafish endoderm. Development 126, 827–838.
Wells, J.M., Melton, D.A., 1999. Vertebrate endoderm development.
Annu. Rev. Cell Dev. Biol. 15, 393–410.
Wells, J.M., Melton, D.A., 2000. Early mouse endoderm is patterned by
soluble factors from adjacent germ layers. Development 127, 1563–1572.
Westerfield, M., 1993. The Zebrafish Book. University of Oregon Press,
Eugene, OR.
Wood, W.B., Community of C. elegans Researchers, 1988. The Nematode
Caenorhabditis elegans, Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY.
Yee, N.S., Yusuff, S., Pack, M., 2001. Zebrafish pdx1 morphant displays
defects in pancreas development and digestive organ chirality, and
potentially identifies a multipotent pancreas progenitor cell. Genesis
30, 137–140.
Zaret, K.S., 2001. Hepatocyte differentiation: from the endoderm and
beyond. Curr. Opin. Genet. Dev. 11, 568–574.
Zhang, J., Talbot, W.S., Schier, A.F., 1998. Positional cloning identifies
zebrafish one-eyed pinhead as a permissive EGF-related ligand re-
quired during gastrulation. Cell 92, 241–251.
29K.N. Wallace, M. Pack / Developmental Biology 255 (2003) 12–29
